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Oral squamous cell carcinoma (OSCC) is a formidable 
global health challenge, accounting for a significant 

burden of malignancies in both developed and developing 
countries.[1] Compounding the challenge are potentially 
malignant disorders (OPMDs), a heterogeneous group of 
oral lesions characterized by their ability to progress to ma-
lignancy under certain conditions. Leukoplakia, erythropla-
kia, and lichen planus are among the prominent members 
of this group, each marked by varying degrees of dysplasia 
and potential for malignant transformation. [1, 2] The clinical 
course of these disorders can be enigmatic, often devoid of 
overt symptoms or physical manifestations that unequivo-
cally signify the underlying threat. This subtlety, combined 
with the inadequacies of current diagnostic methods, plac-
es a glaring emphasis on the dire need for effective early 
detection strategies.

Diagnostic delays, an unfortunate hallmark of OSCC and 
OPMDs, stem from the multifaceted interplay of clinical, 
histopathological, and technological factors. The clinical 
presentation of these disorders often fails to provide defini-
tive indications of malignancy, with symptoms that can be 
erroneously attributed to benign conditions or dismissed 
altogether.[3] Moreover, the histopathological evaluation 
of biopsy specimens, although integral to diagnosis, is in-
herently limited by the small sample sizes and subjective 

interpretations, often leading to diagnostic discrepancies.

Current diagnostic methods for OSCC and OPMDs, while 
valuable, are riddled with limitations. Traditional clinical 
examination can be confounded by the mimicry of benign 
conditions and the subtle nature of early disease stages. 
Radiographic imaging, though pivotal, can be non-specific 
and fails to capture the intricate cellular transformations 
underlying malignancy. The need for an innovative ap-
proach that surmounts these limitations and circumvents 
diagnostic delays is evident.[4]

Enter the concept of organoid intelligence - a paradigm 
that marries the tenets of organoid technology, advanced 
imaging, omics methodologies, and machine learning to 
revolutionize diagnostics. Organoids, three-dimensional 
cultures of cells derived from primary tissues, offer an un-
precedented window into tissue architecture, cellular in-
teractions, and dynamic responses.[5] In the realm of oral 
biology, these miniature organ replicas bear the potential 
to emulate the complex environment of the oral cavity and 
OPMDs, facilitating the study of disease progression with 
unparalleled fidelity.

The concept of organoid intelligence embodies the fusion 
of cutting-edge technologies. It harnesses the power of 
high-resolution imaging to visualize organoid dynamics 
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in real-time, capturing subtle alterations that herald ma-
lignant transformation. Omics technologies, encompass-
ing genomics, transcriptomics, proteomics, and beyond, 
unravel the molecular tapestry of organoids, identifying 
biomarkers and aberrations that serve as early harbingers 
of malignancy.[6] The marriage of these data with machine 
learning algorithms begets predictive models that offer a 
glimpse into the future, forecasting the trajectory of dis-
ease and aiding personalized treatment strategies.

Diagnostic Delays in OSCC and OPMDs
The diagnostic landscape of OSCC and OPMDs is marred 
by the intricate interplay of factors that conspire to yield 
diagnostic delays and subsequent challenges in patient 
management. The subtle and often nonspecific clinical 
presentation of these conditions compounds the problem. 
Oral lesions resulting from OSCC and OPMDs can resemble 
benign lesions or common oral conditions, leading to mis-
diagnosis or delay in seeking medical attention. Moreover, 
the oral cavity's complex anatomy allows early lesions to 
evade detection, lurking in anatomical niches that are not 
easily accessible or amenable to clinical examination.

Histopathological analysis, while the gold standard for di-
agnosis, carries its own set of limitations. Biopsy specimens 
collected from oral lesions may exhibit heterogeneity due 
to the patchy distribution of dysplastic changes, resulting 
in sampling errors. The subjective nature of histopathologi-
cal interpretation, influenced by factors such as interob-
server variability and varying grading systems, can lead to 
diagnostic discrepancies and hinder consistency in patient 
management decisions.[3]

Furthermore, radiographic imaging methods like com-
puted tomography (CT) and magnetic resonance imaging 
(MRI) provide valuable insights into the extent of disease 
and invasion, yet they fall short in capturing the molecu-
lar intricacies that dictate malignant transformation. These 
imaging techniques might identify advanced stages of dis-
ease but lack the resolution to pinpoint the early molecular 
changes that herald malignancy. This inability to diagnose 
OSCC and OPMDs at their incipient stages contributes to 
late diagnoses, which are associated with poorer prognosis 
and reduced treatment efficacy.

Organoid Intelligence: A Paradigm Shift in 
Diagnostics
Organoids are three-dimensional in vitro cell cultures derived 
from primary tissues, mirroring the cellular composition, ar-
chitecture, and functionality of their original tissues.[7] This fi-
delity makes organoids a valuable experimental platform for 
studying disease dynamics, including OSCC and OPMDs.

In the context of OSCC and OPMDs, organoids offer an 
unparalleled opportunity to delve into the molecular intri-
cacies of disease progression. By culturing cells obtained 
from OPMD lesions or normal oral mucosa, researchers can 
create miniature replicas of the oral microenvironment. 
These organoids capture the complexity of cellular interac-
tions, providing an environment that simulates the milieu 
in which malignant transformation occurs. Through the 
establishment of organoids derived from different disease 
stages and clinical presentations, researchers can decipher 
the temporal progression of molecular alterations, shed-
ding light on the sequence of events that ultimately culmi-
nate in malignancy.

The advent of organoid intelligence leverages a multi-
faceted approach to unravel the mysteries of OSCC and 
OPMDs. Advanced imaging techniques, such as confocal 
microscopy and live-cell imaging, enable real-time visual-
ization of organoid behaviour, permitting the observation 
of cellular changes as they unfold. Omics methodologies, 
including genomics, transcriptomics, and proteomics, 
unravel the genetic and molecular signatures associat-
ed with disease progression. Organoid intelligence also 
incorporates machine learning algorithms, which sift 
through vast omics datasets to identify patterns, correla-
tions, and predictive markers that may elude convention-
al analyses.[8]

By integrating data from various sources, organoid intel-
ligence allows researchers to construct a comprehensive 
picture of OSCC and OPMD progression. This holistic view, 
encompassing molecular alterations, cellular dynamics, 
and spatiotemporal relationships, has the potential to re-
shape the diagnostic paradigm.

Potential Applications and leveraging of 
Organoid Intelligence
The fusion of organoid technology and advanced data ana-
lytics under the umbrella of organoid intelligence holds im-
mense promise in transforming our approach to the early 
diagnosis of OSCC and OPMDs.

Identification of Early Molecular Signatures: Organoid 
intelligence enables researchers to dissect the intricate 
molecular landscape of OSCC and OPMDs. By performing 
single-cell sequencing on organoids derived from different 
disease stages, researchers can discern the early genetic 
and epigenetic alterations that mark the initiation of malig-
nant transformation.[9] This fine-grained analysis offers the 
potential to identify novel biomarkers that serve as early 
diagnostic indicators.

Development of Predictive Models: Integrating high-
dimensional omics data from organoids with machine 
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learning algorithms yields predictive models capable of 
forecasting disease outcome.[10] These models leverage the 
complexity and richness of organoid intelligence data to 
decipher patterns that might elude conventional analyses. 
By training on well-characterized datasets and validated 
clinical outcomes, these models can predict disease pro-
gression trajectories and inform clinical decisions.

Personalized Treatment Approaches: Organoid intel-
ligence not only enhances early diagnosis but also opens 
avenues for personalized treatment strategies. The intri-
cate molecular insights garnered from organoid cultures 
can guide the selection of targeted therapies tailored to 
the specific molecular aberrations exhibited by individual 
patients. This precision medicine approach circumvents 
the trial-and-error nature of conventional treatments, op-
timizing therapeutic outcomes.

Elucidating Mechanisms of Transformation: The dynam-
ic nature of organoids facilitates the real-time observation 
of cellular transformations during disease progression. By 
capturing these changes at a cellular and molecular level, 
organoid intelligence contributes to our understanding of 
the mechanisms underlying malignant transformation.[7] 
This knowledge informs the development of novel thera-
peutic interventions aimed at halting or reversing the pro-
gression of disease.

Longitudinal Imaging: Employing non-invasive imaging 
modalities, such as live-cell microscopy and optical coher-
ence tomography, enables the continuous monitoring of 
organoid dynamics.[11] Longitudinal imaging offers a real-
time window into disease progression, capturing cellular 
changes and responses to treatments over time. This ap-
proach provides invaluable insights into the temporal as-
pects of disease evolution.

Multi-Omics Integration: Integrating genomics, transcrip-
tomics, proteomics, and other omics data from organoids 
expands our understanding of disease complexity. By 
analysing these multi-dimensional datasets collectively, 
researchers can identify convergent molecular pathways, 
unveil hidden relationships, and pinpoint early diagnostic 
biomarkers that might not emerge from individual omics 
analyses.

Machine Learning Algorithms: The application of ma-
chine learning algorithms, such as deep learning and ran-
dom forest, to organoid intelligence data unlocks hidden 
patterns and relationships within complex datasets. These 
algorithms excel at detecting non-linear associations and 
predicting outcomes based on diverse variables.[8, 12] Inte-
grating machine learning with organoid intelligence data 
enhances the accuracy of diagnostic models and aids in 
identifying novel markers.

Data Validation and Clinical Translation: Validating the 
findings derived from organoid intelligence is pivotal for 
their clinical translation. Collaborations between research-
ers, clinicians, and pathologists ensure that the identified 
biomarkers and predictive models are rigorously validated 
using clinical samples. Prospective clinical studies assess-
ing the real-world applicability of these findings in diverse 
patient populations are crucial steps toward incorporating 
organoid intelligence into routine diagnostic protocols.

In conclusion, the diagnostic challenges posed by OSCC 
and OPMDs necessitate innovative approaches to enable 
early detection. Organoid intelligence emerges as a prom-
ising avenue to overcome these challenges by providing 
unprecedented insights into the molecular underpinnings 
of disease progression. Leveraging advanced imaging, 
omics technologies, and machine learning algorithms, or-
ganoid intelligence holds the potential to revolutionize 
early diagnosis strategies, ultimately improving patient 
outcomes and reducing the burden of OSCC and OPMDs.
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